The majority of patients with severe or difficult-to-control asthma in the United States are obese. Epidemiological studies have clearly established that obese patients tend to have worse asthma control and increased hospitalizations and do not respond to standard controller therapy as well as lean patients with asthma. Less clear are the mechanistic underpinnings for the striking clinical differences between lean and obese patients with asthma. Because obesity is principally a disorder of metabolism and energy regulation, processes fundamental to the function of every cell and system within the body, it is not surprising that it affects the respiratory system; it is perhaps surprising that it has taken so long to appreciate how dysfunctional metabolism and energy regulation lead to severe airway disease. Although early investigations focused on identifying a common factor in obesity that could promote airway disease, an appreciation has emerged that the asthma of obesity is a manifestation of multiple anomalies related to obesity affecting all the different pathways that cause asthma, and likely also to de novo airway dysfunction. Consequently, all the phenotypes of asthma currently recognized in lean patients (which are profoundly modified by obesity), as well as those unique to one's obesity endotype, likely contribute to obese asthma in a particular individual. This perspective reviews what we have learned from clinical studies and animal models about the phenotypes of asthma in obesity, which show how specific aspects of obesity and altered metabolism might lead to de novo airway disease and profoundly modify existing airway disease.
Clinical Relevance
This perspective reviews what we have learned from clinical studies and animal models about the phenotypes of asthma in obesity, which show how specific aspects of obesity and altered metabolism might lead to de novo airway disease and profoundly modify existing airway disease. This leads to a number of potential research studies that are needed, and suggests changes in the way we approach this patient population.
Obese patients tend to have worse asthma control and increased hospitalizations and do not respond to standard controller therapy as well as do lean patients with asthma (1) (2) (3) (4) (5) ; in fact, the majority of patients with severe or difficult-to-control asthma in the United States are obese (6) . Epidemiological studies have described two major phenotypes of obese asthma (7) (8) (9) : one with later-onset asthma, lower markers of allergic inflammation, and airway reactivity that improves with weight loss; the other characterized by earlier-onset disease and higher markers of allergic inflammation. Studies in animals and humans suggest that we need to include a third phenotype: irritant/pollution-associated asthma and obesity. Compartmentalizing obese asthma into these two/three phenotypes is likely a major oversimplification. There are many phenotypes of asthma described in lean patients (10) , and each of these phenotypes is likely to persist and be much complicated by obesity. We discuss our current understanding of asthma and obesity phenotypes, with the caveat that this paradigm likely oversimplifies the interactions between these two complex syndromes.
Asthma Caused by Obesity
Our work and that of others has shown that there is a group of patients with later-onset asthma, lower markers of allergic inflammation, and airway reactivity that improves with weight loss (7, 9, 11) . A number of pathways pertinent to obesity may contribute to the development of this form of airway disease.
In obese humans with late-onset asthma and obesity, there is often little airway inflammation. Instead, there is increased sensitivity to airway closure and increased elastance of the peripheral airways, both of which improve with weight loss (12, 13) . In lean healthy human volunteers, breathing at low lung volumes increases airway reactivity (14) , and although breathing at low lung volumes likely contributes to airway disease in obesity, we have found that changes in airway reactivity with weight loss are not directly related to changes in lung volume. Our results suggest that factors other than simple changes in lung volume might contribute to the inherent airway reactivity in obesity. Modeling work suggests this augmented airway reactivity could be related either to increased compliance of the airway wall itself or to increased airway wall thickness (15) . It is possible that obese individuals who develop late-onset asthma associated with minimal markers of inflammation are those patients who tend to have slightly thicker walls or more compliant airways than does the general population. This may be caused by natural biological variation at the population level (15) or by factors contributing to altered airway wall structure and function in obesity (15) .
Candidate factors contributing to altered airway structure and function in obese asthma include increased oxidative stress and altered nitric oxide metabolism. Increased airway oxidative stress, measured by increased 8-isoprostanes in exhaled breath condensate, has been found in obese patients with asthma (16) and is associated with decreased airway nitric oxide, particularly in those individuals with later-onset disease (11) . Nitric oxide has important bronchodilatory and homeostatic functions in the airway (17) ; therefore, in the context of obesity, a decrease in nitric oxide might have pathogenic consequences. One reason for the decreased levels of nitric oxide might relate to lower availability of the nitric oxide synthase substrate arginine, because of competition from increased asymmetric dimethyl arginine (11) . Studies in animal models suggest that such alterations in nitric oxide metabolism can be induced by dietary changes independent of weight gain: a high-fructose diet increases asymmetric dimethyl arginine and decreases exhaled nitric oxide and is associated with increased airway resistance, even without the development of obesity (18) . Changes in diet and other manifestations of the obese state could contribute to increased oxidative stress and decreased nitric oxide bioavailability in the airway, leading to the development of de novo airway disease in obesity.
Aging and the degree of obesity might be involved in the development of the lateonset asthma of obesity. Obese mice fed a high-fat diet develop increased airway reactivity only after a certain age and weight: for example, 20-to 22-week-old C57BL/6 mice (average weight, 43 g) fed a high-fat diet did not have increased airway reactivity compared with mice fed a low-fat diet, whereas 30-to 38 week-old-mice (average weight 50 g) did (19) . These results suggest that an interaction between aging and weight gain may contribute to the inherent airway reactivity of obesity, and more studies on this are needed in humans. How changes in airway structure, oxidative stress, and immune function interact with aging in the setting of obesity to produce airway disease is currently a matter of speculation.
In addition, changes in certain cytokine pathways described in obese mice might relate to the inherent airway reactivity in obesity. For example, this inherent airway reactivity is reduced in mice deficient in tumor necrosis factor receptor-2 (20) . However, airway reactivity in obese mice is increased in mice deficient in tumor necrosis factor receptor 1 (21); therefore, global strategies to block tumor necrosis factor signaling are unlikely to be effective in this form of obese asthma (22) . Another mediator that has been associated with the development of this inherent airway reactivity of obesity is IL-17A: increased IL-17A 1 gd T cells and TH17 cells have been found in the lungs of mice rendered obese through a high-fat diet (23) . Inherent airway reactivity in response to high-fat diet-induced obesity also appears to involve increased M1 macrophages with NLRP3 activation, IL-1b production, and innate lymphoid cells in the lung (24) . Although there are increases in certain cytokines, it should be noted that this inherent airway reactivity typically occurs in the absence of overt tissue inflammation; therefore, these cytokines might affect airway smooth muscle tone or cause structural changes that contribute to altered airway function in obesity in the absence of promoting leukocyte infiltration into the airways or lung tissue.
Another factor that might contribute to altered airway function in obesity is neuronal control of airway tone. Data from animal models suggest that there are changes in the neurological control of airway smooth muscle tone through cholinergic signaling pathways in obesity (25) (26) (27) . High insulin levels are present in some obese humans, and high insulin levels can increase vagal-induced bronchoconstriction both through peripheral effects on acetylcholine release (25) and through centrally mediated effects on vagal signaling (26) . Leptin, an adipokine increased in obesity, can also affect the parasympathetic regulation of airway tone (27) . It is difficult at this time to understand the clinical significance of these observations relating to insulin resistance and cholinergic signaling, because studies of antidiabetic medication in obese mice (28) and humans (29) have not shown efficacy in the treatment of obesity-associated asthma, and a retrospective subgroup analysis of obese patients with asthma found that body mass index (BMI) did not predict response to the anticholinergic medication tiotropium (30) . Clinical studies to date have not specifically targeted the late-onset asthma of obesity. Animal studies demonstrating that cholinergic signaling affects airway tone (25) (26) (27) suggest that focused studies targeting insulin resistance and/or cholinergic pathways in the lateonset asthma of obesity associated with little overt inflammation might be worthwhile.
The development of obesity is often associated with the consumption of diets substantially different from those consumed by lean individuals. Animal models have provided insight into the contribution of pre-and perinatal nutritional composition to the lifelong risk of developing obesity and airway reactivity. Dietary factors could contribute to structural changes that affect lung function. For example, a high-fat diet alters fetal lung development: rats born to mothers fed a high-fat diet during gestation have higher levels of cytokines such as tumor necrosis factor-a in their lungs, as well as increased airway resistance and decreased respiratory system compliance (31) . Furthermore, mice born to mothers fed a high-fat diet have delayed fetal lung development and reduced expression of surfactant proteins (32) . Consumption of a high-fat diet during gestation could contribute to the development of asthma in offspring. A high-fat diet can also alter lung structure in adult mice: structural changes are present in the airway epithelium of adult mice fed a high-fat diet (33) , and collagen content in the lungs and airways is increased (34) . A high-fat diet at any time from in utero development to adulthood could lead to structural and functional changes in the airway wall that could contribute to the airway disease of obesity.
The obese state could lead to asthma in those without prior airway disease in a number of different ways (Figure 1 ). These include changes in lung structure and function related to diet and mechanics, oxidative signaling, cytokine derangement, and neuronal signaling pathways. These factors may also interact with aging processes in the airway and normal population variations in the airway structure, so that although not all obese individuals develop airway disease, the greater the obesity, the higher the likelihood of developing asthma.
Pre-Existing Asthma Complicated by Obesity
On the basis of studies in human populations, there appears to be a phenotype of obese asthma that exhibits earlier onset of disease and higher markers of allergic inflammation (particularly serum IgE); in these patients, asthma symptoms, but not airway reactivity, improve with weight loss (7) (8) (9) . These obese patients with asthma have approximately a threefold increased risk of hospital admission and a sixfold increased risk of intensive care unit admission, compared with their lean counterparts (8) . Early-onset asthma in obese subjects, which is typically associated with elevated markers of Th2 inflammation, seems to be a particularly severe form of asthma associated with high health care use. Obesity is characterized by changes in diet and aberrant metabolism that contribute to immune dysfunction, as well as by altered airway structure and function. These alterations may complicate preexisting asthma (asthma complicated by obesity), lead to de novo airway disease (asthma consequent to obesity), and increase susceptibility to airway disease related to irritants such as ozone, nitrogen dioxide, and particulate matter.
It remains unclear why allergic asthma should be so severe in the setting of obesity, and so far, data on biomarkers of Th2 inflammation in humans have been confusing. For example, our own group reported that markers of CD4 lymphocyte function appear to be suppressed in the setting of obesity (7), and similar findings have been reported in a mouse model combining high-fat diet feeding and allergic asthma (35) . Furthermore, many groups have reported decreased sputum eosinophils with increasing BMI (36, 37) . On the other hand, airway wall eosinophilia may be increased in obese patients with asthma and dissociated from sputum eosinophilia (38, 39) . Of note, IL-25, a cytokine produced by airway epithelium that is involved in the activation of type 2 innate lymphoid cells that can produce IL-5 and IL-13, is increased in the sputum of obese patients with asthma (40) . These data in humans might be explained by altered trafficking of eosinophils in obesity and the participation of innate, rather than adaptive, immune responses in the development of airway eosinophilia in obese patients with asthma.
To try to understand the mechanisms by which obesity might alter earlyonset allergic asthma, a number of studies have modeled obesity and allergic airway disease in laboratory mice (Table 1) . It is apparent that the findings in the various models differ considerably: some report decreased bronchoalveolar lavage (BAL) eosinophilia, and others, increased BAL eosinophilia; some report decreased peribronchial eosinophilia, whereas others found the opposite. These studies differ in the age, strain, and sex of the mice, the type of diet, the allergen (type, dose, delivery, and duration), and the degree of obesity (e.g., the weight of the "obese" BALB/c mice in the study by Chen and colleagues (41) is similar to the weight of the "lean" control mice in some other studies). All these factors might affect immune responses as well as airway structure and function. Indeed, it is striking that any commonalities have been found at all. Nevertheless, these studies do suggest that the obese state increases allergen-induced airway reactivity and serum IgE.
Some insights into the mechanisms underlying altered allergic airway disease in obesity are emerging. Increased bone marrow eosinophilia and changes in the kinetics of eosinophil trafficking to the airway were observed using both high-fat diet (42) and genetic (ob/ob) (43) models of obesity accompanied by allergen exposure. In a high-fat diet-ovalbumin model, airway reactivity was inhibited by blocking tumor necrosis factor-a and by depleting macrophages (44), suggesting a critical role for macrophage production of tumor necrosis factor-a in airway reactivity in obese allergic mice. In another study, highfat diet-induced obesity was associated with increased collagen deposition in the lung (even before allergen challenge), whereas a cockroach allergen challenge in obesity was associated with decreased prostaglandin E2 (a bronchodilator) compared with lean mice (34) . These studies show that obesity, induced through dietary or genetic means, can alter baseline airway structure, increase allergen-induced airway inflammation, and increase airway reactivity in allergic airway disease.
Many studies have focused on the potential contribution of adipokines, mediators produced by adipose tissue, to the modulation of allergic airway inflammation. For example, adiponectin, an antiinflammatory mediator that is decreased in obesity, functions in lean mice to inhibit allergic airway inflammation and airway reactivity (45, 46) , an activity that appears to be related to its serum levels (47) . Conversely, leptin, an adipokine that is elevated in obesity, can increase airway reactivity and serum IgE in an allergic mouse model (48) . Both epidemiological data and data from mouse models suggest that adipokines might contribute to altered allergic airway inflammation.
Certainly, altered adipokines might be important contributors to asthma in obesity, but the lung is likely more than an innocent bystander in obesity, a disease that is first and foremost one of altered energy and metabolism. Respiration is closely linked to metabolism, and cellular metabolism obviously affects every cell type in the body. It is likely that common metabolic pathways contribute to both the development of allergic airway disease and increased visceral obesity. For example, Chitinase 3-like-1 is involved in the development of allergic responses and also in the development of visceral obesity, possibly through effects on genes involved in metabolism (49) . Metabolism is a critical regulator of immune cell function; increased cellular metabolism is required to fuel the demands of immune mediator biosynthesis and cell division (50) . Thus, aberrant metabolism might lead to the development of both obesity and immune dysfunction, contributing to asthma. Definition of abbreviations: AHR, airway hyperresponsiveness; BAL, bronchoalveolar lavage; CRA, cockroach antigen; Eos, eosinophils; F, female; HDM, house dust mite; HFD, high-fat diet; M, male; Mac, macrophages; ns, not significant; OVA, ovalbumin; ↑, increased; ↓, decreased; ↔, unchanged.
Aberrant metabolism could affect resident cells in the airway. Mitochondrial polymorphisms have been associated with asthma in the general population (51, 52) and changes in airway mitochondrial structure and function have been reported in airway epithelium in animal models of asthma (53, 54) . Recent studies in lean animals show that markers of allergic airway inflammation (53) and transforming growth factor-b-induced collagen deposition (54) can be suppressed with mitochondrial-targeted antioxidants. These data suggest that airway epithelial mitochondrial dysfunction may contribute to allergic asthma, even in lean individuals. Mitochondrial dysfunction is a characteristic of obesity, and many studies, particularly in liver and muscle cells, suggest that obesity increases mitochondrial oxidative stress (55, 56) . Interestingly, airway mitochondria are altered in animals fed a high-fat diet (33) . Mitochondrial dysfunction in both allergic airway disease and obesity might thus conspire to augment allergic asthma in obesity, leading to the severe form of disease that is poorly treated by current therapies.
Diets that lead to obesity, such as those low in fiber or high in fat, may predispose to the development of allergic airway disease. Dietary fiber is fermented by colonic bacteria to generate short-chain fatty acids; in a mouse model, increasing dietary fiber consumption changed the gut microbiome (increasing the ratio of Firmicutes to Bacteroidetes), which led to increased circulating levels of the short-chain fatty acid propionate (57) . Propionate reduced Th2-cell effector function and allergic airway inflammation through effects on the generation of macrophage and dendritic cell precursors (57) . This suggests that a high-fiber diet might inhibit the development of allergic airway disease in later life. Another group reported suppression of regulatory T lymphocytes (Treg cells) through epigenetic modifications of the FoxP3 promoter by a high-fat diet (58); a high-fat diet in utero promoted allergic airway inflammation by suppression of Treg cell function in offspring. Dietary composition producing obesity may predispose to the development of allergic asthma.
A high-fat diet might adversely affect those with pre-existing asthma. High-fat diets can produce acute airway inflammation and changes in lung physiology. In humans, consumption of a high-fat meal increases sputum neutrophilia and Toll-like receptor 4 expression and decreases the response to the bronchodilator; this suggests that a high-fat diet alters both airway inflammation and smooth muscle function (59) . The composition of fats in the diet can differentially impact inflammatory responses. Polyunsaturated and monounsaturated fatty acids, such as those found in fish oil and olive oil, respectively (e.g., Mediterranean diets), can have antiinflammatory effects, whereas saturated fatty acids, such as the palmitic acid that is abundant in red meat (e.g., Western diets), can exhibit proinflammatory effects. We recently reported that feeding subjects for 3 weeks with diets containing oleic acid: palmitic acid ratios reflecting a Western diet (1:1) versus a Mediterranean diet (12:1) caused elevated production of TNFa, IL-10, and the NLRP3-regulated cytokines IL-1b and IL-18 by LPS-stimulated peripheral blood mononuclear cells (60) . Although Mediterranean versus Western diets have not shown substantial differential effects on the development of asthma in the general population (61, 62) , because NLRP3 and IL-1b have been reported to be pathogenic mediators of high-fat diet-induced intrinsic methacholine hyperresponsiveness (24) , a regimen with a 3:1 palmitic acid:oleic acid diet, the contribution of these dietary fats to obesity-associated asthma should be further examined with focused studies in animal models and interventional studies in obese patients with asthma.
The obese state can affect those with underlying allergic asthma in a number of ways (Figure 1 ). Dietary changes associated with obesity during gestation and early life might lead to the development of allergic asthma. There may be activation of innate immune pathways and changes in eosinophil trafficking in these patients. Changes in circulating adipokines may have direct effects on the airways. Changes in metabolism might affect immune function and resident cells of the airway. Dietary changes characteristic of obesity might lead to exaggerated airway inflammation. Given the myriad effects of obesity on allergic asthma, it is perhaps not surprising that these patients suffer from particularly severe disease that is refractory to current therapy.
Irritant-and PollutionInduced Asthma in Obesity
What we eat can affect obese asthma, so too can what we breathe. Overweight and obese children are more susceptible to indoor air pollutants, especially particulate matter and nitrogen dioxide, than are lean children (63) . We have reported that in nonobese mouse models, nitrogen dioxide inhalation causes allergic asthma-like disease through NLRP3 and IL-1 signaling (64) and inherent asthma-like disease through activation of the transcription factor nuclear factor-kB (NF-kB) in the airway epithelium (65) . Airway epithelial NF-kB activation increases methacholine responsiveness (in the absence of allergen exposure) by increasing the abundance of airway smooth muscle (66) , increases lung type 2 innate lymphoid cells, and facilitates allergic antigen sensitization (67, 68) . Airway epithelial NF-kB can be activated by allergens and pollutants (69) , and potentially by endogenous factors secreted by adipose tissue (70) . It is possible that obese individuals might be more susceptible to air pollution through enhanced airway epithelial NF-kB activation, a hypothesis that merits further investigation.
Obese people have increased airway reactivity and respiratory symptoms in response to ozone (71, 72) , and increases in IL-1b in induced sputum in response to ozone are directly correlated with BMI (73) . Increased responses to ozone are also reported in different models of obese mice (19, 74, 75) . Williams and colleagues showed that augmented airway inflammation and reactivity in obese mice in response to ozone depended on TNFa (22) . Increased responses to subacute ozone exposure are also seen in adiponectin-deficient mice (adiponectin is decreased in obesity), and this appears to be related to signaling through IL-6 and IL-17A (76) (77) (78) . The role of these mediators in increasing responses to ozone in obese individuals needs further exploration.
Obese individuals seem more susceptible to pollutants, and animal models support this observation, suggesting that pollutants likely contribute to the development of asthma in obesity (Figure 1) . The combined effects of poor airway quality and increasing levels of obesity might synergize to produce a major increase in the development of asthma during this century, and this is an area surely deserving of additional study.
Conclusions
The clinical and biomedical research communities are beginning to appreciate that obesity is a major risk factor for the development of asthma, and that obesity contributes to far more severe asthma in those with established disease. Over the past few years, much effort has been focused on trying to understand the interrelationship between these syndromes by considering obesity and asthma as two separate entities that interact to exacerbate underlying airway disease. However, obesity is fundamentally a disorder of energy and metabolism; respiration, energy regulation, and metabolism are closely integrated systems that affect every cell in the body. We need to better understand the normal physiological interactions between the respiratory system and energy regulation-metabolism if we are to understand how dysfunction in these systems contributes to the epidemic of airway disease in obesity. n Author disclosures are available with the text of this article at www.atsjournals.org.
